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Abstract
Recent Brain-Machine Interfaces have shifted towards miniature devices that are constructed from
nanoscale components. While these devices can be implanted into the brain, their functionalities can be
limited, and will require communication and networking to enable cooperation. One form of commu-
nication for neuron stimulation is the use of light. A number of considerations needs to be taken into
account for the propagation and this includes diffraction, scattering, absorption, as well as attenuation.
These properties are not only affected by the medium, but also by the cell’s geometric shape. These
factor affects both the direction and amplitude of the light wave. This paper analyzes the propagation
path loss and geometrical gain, channel impulse and frequency response for light propagation along
the neural tissue. The total attenuation depends on the propagation medium loss and geometrical gain,
and the channel response is highly dependent on the quantity of cells along the path. Additionally, the
optical properties of the medium also impacts on the time delay at the receiver and the width the location
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of the detectors. Based on the numerical analysis, spherical cells attenuate approximately 20% of the
transmitted power, which is less than the fusiform and pyramidal cells (35% and 65%, respectively).
Index Terms
nano communications, optogenetics, light propagation modelling, neural systems.
I. INTRODUCTION
Implantable medical devices in recent years have witnessed an exponential growth due largely
to numerous supporting fields, including nanotechnology, computer science, and electrical en-
gineering. The advancements in such fields are leading to miniature devices, constructed from
biocompatible materials and powered by means of energy-harvesting systems, which can be
permanently implanted. In this context, the emerging field of nano-communications is aimed at
enabling the exchange of information and coordination between nano-devices. Two approaches
for nano-communications have been developed in parallel, namely, nano-electromagnetic (EM)
communications [1] and molecular communications [2]. A number of works have looked at
molecular communications for neural systems. For example, [3] conducts and analyzes in-
vivo information transfer on the nervous system of the earthworm, [4] proposes the complete
synaptic communication channel model, and [5] investigates the upper bound for neural synaptic
communication. In the case of EM nano communication, a major challenge is the selection of
appropriate frequency for signaling. that is relative to the size of the antenna components. This
is because the reduction in size of an antenna means that the operating frequency also increases,
possibly up into the terahertz (THz) band [1], and THz waves are unable to penetrate through
biological tissues due to the high energy photons interacting with living cells at the molecular
levels through the process of absorption [6]. The implementation of THz communication in
biological environment in nanoscale level is elaborated in [7]. This means that other modes of
communication are required in order to enable devices to communicate and network in biological
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tissues. While acoustic signals [8] have been proposed to allow devices to communicate, the unit
circuitry may be larger than the envisioned micron-scale size of devices that need to be placed
deep in a tissue. This challenge is further exacerbated when we consider implanting the devices
in the cortex of the brain.
In [9] a miniature device, known as Wireless Optogenetic Nano Devices (WiOptND), for neural
stimulation has been proposed. The device utilizes ultrasound signals for energy harvesting to
produce power for a light source that is used for stimulating small population of neurons. Light
has been used to interact with cells, and one example is the stimulation of neurons through
the process called optogenetics. Some constraints in optogenetics stimulation are investigated
in [10] in terms of distortion as a spike generation delay. In other works, light has been used
to communicate between devices through red blood cells [6]. One key difference between THz
waves and optical signals is that, while both are very high frequency EM waves, the latter do not
suffer from absorption and are commonly found at the basis of nano-bio-sensing and imaging
processes. While extensive modelling has been established on the properties and behaviour of
the light for stimulating neurons, there have not been any solution towards how these devices can
communicate with each other. In this paper, we propose communication between the WiOptND
devices using light. As illustrated in Fig. 1, this could lead to miniature nanonetworks that are
implanted into the brain cortex, and the communication and cooperation between the WiOptNDs
can enable neural circuit stimulation of different micro-columns within the cortical cortex that
have impaired connections.
A major challenge with light communication through neural tissue, and in particular at micron-
scale, is that the propagation of the light is largely determined by the physiological shape as
well as the organelles within the cell. This is due to the power as well as size of the source that
produces light waves that are comparable to the size of the neuron. Therefore, the propagation
behaviour of the light is largely dictated by the composition of the tissue. Neural tissue is
composed of cells with different physiological properties, each of which contributes differently
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Fig. 1: Illustration of the Wireless Optogenetic Nanodevice (WiOptND) network that are placed
within the cortex. The communication between the devices is established using light that
penetrates through the cells.
towards the propagation pattern. In this paper, we focus on the power delay profile, femto-pulse
signal analysis in both time and Fourier domains, and the channel impulse response of light
propagation for physical communication analysis in neural tissue. Our aim is to determine the
channel impulse response of light signal as it propagates through different shapes as well as
density of the neurons. The contribution of this paper are as follows:
• Geometric Analysis of Light Propagation and Path Loss Analysis: We derive the total
path loss formula for three different neuron geometry (fusiform, spherical, and pyramidal)
based on optical properties of brain tissue and neuron. We analyze the focusing gain for
multiple-(radial-based)-cell light propagation as the result of converging and diverging light
phenomena through an array of cells.
• Numerical Analysis of Channel Impulse Response for Light Propagation: We define a
channel impulse response model based on the physiological shapes of three different neurons
(e.g., fusiform, spherical, and pyramidal). This includes numerical analysis to determine the
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impact of light propagation through a line of neurons to determine how this impacts on
the impulse response. The approach taken is through multiple ray tracings that simulates
individual rays as they propagate through different number of cells.
• Simulations of Ray Tracing Algorithm for Multiple-Cell-Propagation Path: Simula-
tions are conducted based on the pseudo code (Appendix A) for ray tracing through one-
dimensional of cells. This simulation algorithm is based on recursion process for the light
as it traverses through the last cell.
This paper is organized as follows: In Section I, we present the background and motivation
of this paper. In Section II, we elaborate analytically the path loss characteristics of the light
propagation in the brain. In both Section III and IV, we analyze the simulated system in both
time and frequency domains. In Section V, we elaborate the results based on the simulated light
propagation system and relate them with the geometrical and optical properties of the system.
Finally, in Section VI, we give the conclusion based on the simulation and the overview of the
optimum system.
II. PATH LOSS CHARACTERISTICS
In general, for all cell geometries, the path loss is determined by the medium in which the
light traverses. In our case, the medium consists of biological tissues and specifically neurons.
Each propagation medium has three significant parameters that play a role in the behaviour of
light transmission, namely absorption coefficient (µa), reduced scattering coefficient (µ′s), and
distance (d) between the transmitter and the receiver [11] [12]. The last parameter is heavily
dependent on the refraction of light as it propagates through the medium, which is governed by
the cell’s geometry and the refractive index of different internal components (n) of the organelles.
A. Beer-Lambert Law
The propagation medium investigated in this paper consists of two biological mediums with
different optical parameters. The two mediums are the brain interstitial fluids and each individual
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neuron. In this work, we consider that both remain constant throughout the propagation path.
Therefore, the path loss analysis is based on the propagation distance, where the distance
determines how the medium changes impact on the light path. The propagation path is analyzed
using the modified Beer-Lambert law and is represented as,
I(λ, d) = I0(λ)e
−µa(λ)dDPF (λ,d), (1)
where I(λ) is light intensity at λ wavelength on distance d, Io(λ) is the light intensity at the
source, and DPF (λ) is the Differential Path Length, which is the mean distance traveled by the
light wave that is impacted by the shifted direction due to the interaction with the neural tissue
medium. Based on this, the medium light transmittance T (λ, d) can be written as
T (λ, d) =
I(λ, d)
I0(λ)
= e−µa(λ)dDPF (λ,d). (2)
B. Multiple Cell Path Loss
As discussed in Sec. I, the geometry of the cell has a significant effect on the light propagation
behaviour, and this is largely due to the size and aperture of the light source, and attenuation
of the intensity. The geometrical analysis for the physiological shapes of the neurons is based
on the models in [13]. In addition to the shape and size of each individual neuron, the light
wave traverses a dense neural population. In this section, we elaborate the effect by the cell’s
geometry on the light propagation as it traverses a line of neurons that are of the same type. The
general formula for the total path loss for N number of any given shape of neurons is written
as
PLtotal =4.343
[
Nµ(c)a (λ)daDPF (λ, da)
+ (N − 1)µ(u)a (λ)deDPF (λ, de)
+ µ(u)a (λ)(dE + dR)DPF (λ, (dE + dR))
]
, (3)
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where da and de are the average propagation distances in a cell and between two cells based on
its shape, respectively, dE and dR are the distances of the light source from the first cell and
the location of the receiver from the last cell, respectively. The superscript (c) or (u) indicates
whether the parameter belongs to the cell or brain tissue. In the following subsection, we present
the derivation for both da and de for three different neurons that is analyzed in this paper, which
includes Fusiform, Spherical, and Pyramidal. The shapes for each of the cells, as well as the
geometric analysis of light propagation through the tissue is illustrated in Fig. 2.
1) Fusiform cell: A fusiform cell can be projected onto a 2D-plane as an oval or convex lens,
as illustrated in Fig. 2(a). The dimension of the cell is represented with a height hc, width wc,
a surface curvature radius of rc, and their relationship is represented as
rc =
hc
2 + wc
2
4wc
. (4)
A single neuron of this shape has a focusing behaviour when collimated light propagates through
the cell. To investigate the light propagation behavior for multiple neurons organized in a one-
dimensional array, several fusiform cells are positioned in a sequence so that the collimated light
propagates in a non-line-of-sight manner from the second cell. Applying this model to observe
the focusing phenomena leads to another light behaviour which is the divergence effect. The
divergence effect occurs when the focus point becomes shorter as the light propagates through
consecutive fusiform cells. Due to the cell geometry, the focusing/converging and diverging
phenomena occurs alternately, and this phenomena is illustrated in Fig. 2(a). Using geometrical
analysis, the average propagation distances inside the fusiform cell da and between the cells de
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Fig. 2: Geometrical analysis of light propagation using ray tracing as it propagates through a
one-dimensional array of neurons, and this includes (a) fusiform, (b) spherical, (c) pyramidal
cells.
are formulated as
da =
4
hc
∫ rc
2
rc−hc
2
√
rc2 − x2 − (rc − wc
2
)dx
=
1
6hc
[
6hcwc − 12rc2 arcsin
(
rc − h
2rc
)
+ 3(hc − rc)
√
3rc2 + 2hcrc − hc2
+
(
2pi +
√
27
)
rc
2 − 12hcrc
]
, (5)
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de =dl +
2
hc
∫ rc
2
rc−hc
2
wc
2
−
√
rc2 − x2dx
=dl +
1
12hc
[
− 6hcwc + 12rc2 arcsin
(
rc − hc
2rc
)
+ (3rc − 3hc)
√
3rc2 + 2hcrc − hc2
+
(
−2pi −
√
27
)
rc
2 + 24hcrc
]
. (6)
2) Spherical cell: Fig. 2(b) illustrates a spherical shaped neuron with radius rc projected onto
a 2D space. The behaviour of the spherical shaped cell is similar to the fusiform cell, and this
is from the focusing effects. However, depending on the density of the neuron, the distance
between the cells dl has a significant role in leaking light rays which does not occurs in multiple
fusiform neural tissue. Leaking rays are the rays that do not propagate to the next adjacent cell.
Therefore, they are not further transmitted along the propagation path. However, the alternating
converging and diverging phenomena are similar for both spherical and fusiform cells. The light
propagation for multiple spherical neurons in a 1-dimensional array is illustrated in Fig. 2(b).
For the spherical cell the average propagation distance da inside a cell and between cells de is
given by
da =
2
rc
∫ rc
0
√
r2c − x2dx =
1
2
pirc, (7)
de = dl +
1
rc
∫ rc
0
rc −
√
rc2 − x2dx = dl − 1
4
(pi − 4)rc2. (8)
Similar to the fusiform cell analysis, da and de of the spherical cell considers all the light rays
along the propagation axis. However, the difference lies in the distance between the incoming
and outgoing surfaces for the rays.
3) Pyramidal cell: The propagation behaviour for pyramidal cells is significantly different
when compared to the two aforementioned neurons in terms of light ray traces, and this is
illustrated in Fig. 2(c). A pyramidal cell tends to deviate the light path due to the refraction of
two different medium, and takes on a behaviour that is very similar to a prism. In this case, the
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light traversing through multiple pyramidal cells deviates from its initial axis before it completely
propagates from the line path of the arrays of cells. The light deviation behaviour with respect
to the cell’s geometry is illustrated in Fig. 2(c). The average propagation distance da inside a
cell and between cells de is represented as
da =
2
hc
∫ hc
0
[
wc
hc
(x− hc) + wc
2
]
dx =
1
2
wc, (9)
de = dl +
1
hc
∫ hc
0
[
wc
hc
(x− hc) + wc
2
]
dx = dl +
1
4
wc. (10)
The 2-D projection of the pyramidal cell can be perceived as an isosceles triangle, which is
similar to a prism. Therefore, the light ray deviation angle is governed by the medium refraction
indices. Both (9) and (10) include ray traces from inside a cell and between two neighbouring
cells.
III. CHANNEL IMPULSE RESPONSE
The cell geometry and the tissue optical properties have a significant effect on the impulse
response of the propagation channel. In this section, we derive how the geometrical analysis of
the previous section plays a role on the channel impulse response, and how this differs between
the three different types of neurons. The combination of both the cell’s geometry and the optical
properties results in attenuation as well as delay of the light propagation to the detector. This is
largely due to the collimation as well as divergence due to the geometric shape and results in
multiple propagation paths of the light rays.
The general expression of multipath impulse response considering N number of neurons that
are placed in a 1-dimensional array can be formulated as [14]
h(t; dtotal, λ) =
N~
n=1
h(n)a (t; d, λ)~
N+1~
n=1
h(n)e (t; d, λ), (11)
where h(k)(t; d, λ) represents the impulse response of the light ray corresponding to the nth cell
and subscript a or e indicates if it is intracell or intercell propagation, λ is the wavelength, and
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t is the time. Furthermore, the intercell impulse response, h(n)e , consists of three elements, h
(n)
c ,
hE , and hR, and is represented as follows
N+1~
n=1
h(n)e (t; d, λ) =
N−1~
n=1
h(n)c (t; d
(n), λ)~ hE(t; dE, λ)~ hR(t; dR, λ) (12)
where subscripts c, E, and R indicates the propagation paths between the cells, light source, and
the receiver (detector), respectively, dE is the distance between the light source and the first cell,
and dR is the distance between the last cell and the receiver. As shown in (11), the impulse
response is based on the convolution as the light propagates through each individual cell along
the path, and the brain tissue between the cells.
The light source applied in this system is considered as a collimated light where the generated
rays has equal intensity following the uniform distribution U(0, 1). In order to use the ray tracing
model, the infinite rays should be discretized to K rays. Since the intensity parameter is used,
the discretization process has no impact on the intensity value. To further elaborate on this,
each intra and intercell propagation impulse response can be divided in two parts, namely, the
attenuation component and the delay component. The attenuation follows the modified Beer-
Lambert equation, while the delay can be expressed as a delta dirac function. Thus, the impulse
response for kth-path is given by
h(k)a (t; d
(k), λ) = IET
(k)
a (λ)δ(t− t(k)a )~ IET (k)e (λ)δ(t− t(k)e ), (13)
where IE is the intensity emitted by the light source and T (k) is the transmittance of the kth-path.
Furthermore, the complete calculation of the impulse response for the K discretized ray paths
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traversing N-cells can be elaborated by a matrix represented as follows
h
(1)
a
h
(1)
e
h
(2)
a
h
(2)
e
...
h
(K)
a
h
(K)
e

= IE · eηT

δ(t− ||d
(1)
a ||1
va
)
δ(t− ||d
(1)
e ||1
ve
)
δ(t− ||d
(2)
a ||1
va
)
δ(t− ||d
(2)
e ||1
ve
)
...
δ(t− ||d
(K)
a ||1
va
)
δ(t− ||d
(K)
e ||1
ve
)

,
where µa is the absorption coefficient and the superscript (c) or (u) indicates the neuron or brain
tissue, respectively, η represents the matrix product of the distance and the DPF, v is the light
velocity in a medium, and subscript a or e indicates if the path is intra or intercell propagation,
respectively. The velocity value can be obtained by v = c
n
, where c is the light speed in vacuum
and n is the refractive index of the medium. The matrix product η is further derived as
η =

η
(1)
a
η
(1)
e
η
(2)
a
η
(2)
e
...
η
(K)
a
η
(K)
e

=

∑N
n=1 d
(1,n)
a∑N+1
n=1 d
(1,n)
e∑N
n=1 d
(2,n)
a∑N+1
n=1 d
(2,n)
e
. . .∑N
n=1 d
(K,n)
a∑N+1
n=1 d
(K,n)
e

T 
DPF
(1)
a
DPF
(1)
e
DPF
(2)
a
DPF
(2)
e
...
DPF
(K)
a
DPF
(K)
e

.
The DPF is the element which is included in the modified Beer-Lambert law and is affected
by the optical medium properties, namely the absorption (µa) and the reduced scattering (µ′s)
coefficients [15], and is represented as follows
DPF (k)(λ) =
1
2
(
3µ′s(λ)
µa(λ)
)1/2[
1− 1
1 + d(3µa(λ)µ′s(λ))1/2
]
. (14)
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The propagation channel elaborated in this paper consists of two medium (cell and brain tissue)
which are categorized as intra and intercell propagation medium. Therefore, the DPF equation
(14) should be applied to all paths with respect to its medium.
IV. FREQUENCY DOMAIN ANALYSIS
Our analysis is based on the same setup that is used in an optogenetic system. In optogenetics,
the wavelength that is used for the neuron stimulation is based on the visible 450-480-nm
blue light, and this is the same wavelength that is used for the light communication between
the WiOptND devices in our proposed model. The communication is established through light
propagation that is represented a as short Gaussian shaped pulse. The Gaussian shaped pulse
is the product of a cosine function and a Gaussian envelope function. For a light wave, the
Gaussian pulse can be expressed as [16]
Et = Re{E0e−4ln(2)
(
t
τ
)2
+iω0t} (15)
where Et and E0 are the electric field with respect to time and at t = 0, respectively, ω0 is
the angular frequency of the light wave, and τ is the Full-Width at Half-Maximum (FWHM)
pulse duration. On the receiver side, the time delay is added to the pulse waveform and it is
formulated as
Er = Re{γE0e−4ln(2)
(
t−td
τ
)2
+iω0(t−td)}, (16)
where td denotes the time delay caused by the propagation path and γ =
(
rE
rD
)2 is the area
(proportional to the square of radius) ratio due to focusing effect, rE is the radius of the light
source and rD is at the detector [17]. The result from convolution series of channel impulse
response presented in (11) can also be obtained by analysing the Fourier transforms of the
transmitted signal, F(Et), and the received signal F(Er). The channel impulse response can be
obtained by applying the inverse Fourier transform of the division, and is represented as
h(t; d, λ) = F−1(H(f ; d, λ) = F−1
(
F(Er(t; d, λ)
F(Et(t; d, λ)
)
. (17)
November 4, 2019 DRAFT
14 IEEE TRANSACTIONS ON COMMUNICATIONS
Based on (15) and (16), we can observe that the input and output relationship is heavily
dependent on the delay caused by the propagation medium characteristics.
V. NUMERICAL ANALYSIS
In this paper, the light propagation is simulated using MATLAB, where a function created that
generates the ray geometrical propagation parameter inside each neuron and after the cell. Our
approach used for the light propagation modeling is based on ray tracing. Algorithm 1 presents
an example for the fusiform cell ray tracing process. The function for fusiform and spherical cells
is similar due to their geometrical similarities. This function is iteratively executed and combined
with the ray tracing by applying the focusing parameter γ from (16), which is determined by
the illuminated detection area. Table I lists all the parameters for the MATLAB simulation.
TABLE I: Simulation Parameters
Parameter Value [Unit] Description
λ 456 [nm] Visible blue light wavelength
nc 1.36 Refractive index of the cell [18]
nt 1.35 Refractive index of the tissue
µ
(c)
a 0.9 [/mm] Cell absorption coefficient [19]
µ
′(c)
s 3.43 [/mm] Cell reduced scattering coefficient
µ
(u)
a 1.34 [/mm] Tissue absorption coefficient [20]
µ
′(u)
s 3.43 [/mm] Tissue reduced scattering coefficient
τ 1 [fs] FWHM pulse duration
A. Medium Loss and Geometrical Gain
The light wave traversing in the biological tissue experiences attenuation as discussed in
Sec. II. The attenuation is mainly due to the optical properties of all the biological components
in the cell medium. However, the fusiform and the spherical cells focuses the light rays as it
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Fig. 3: Illumination radius (h2/h3/h4) and
focusing ratio γ for eighteen fusiform
neurons.
Fig. 4: Illumination height (h2/h3/h4) and
effective illumination area for seven
pyramidal neurons.
enters into the cytoplasm, and this is due to the changes in the refractive index. This focusing
effect is further increased when the light propagates into the nucleus, and once again this is
due to the differences in the refractive indexes of the medium. Fig. 3 shows the effect of the
focusing ratio and illumination radius which contribute in the overall gain of the light intensity.
This can be observed in the rise of the illumination as the light propagates through certain cells,
and then divergence occurs leading to reduction in the illumination.
The focusing behaviour is not found in the pyramidal geometry. Fig. 4 presents the illumination
and shows that it gradually reduces due to the divergence of the light path away from the line of
cells as described above. This is solely due to the geometrical structure of the cell, as illustrated
in Fig. 5.
Fig. 6 shows the path loss within the brain tissue for the three different neurons, where the
transmitter and receiver is separated by 450 µm. In case of the pyramidal cells, the ray deviation
due to the geometrical refraction causes the gradient change (marked by yellow shade). The
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Fig. 5: Light path deviation along an array of pyramidal cells due to the geometric shape.
Fig. 6: Light propagation path loss for the distance of 450 µm between the transmitter and
receiver, with 18 cells in between.
deviation indicates that the light does not penetrate through the remaining neurons along its
path, and this is because for the fusiform cells, there are eighteen neurons along the propagation
path, while the pyramidal cells has seven neurons due to the light path divergence.
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Fig. 7: Time and frequency analysis of light propagation along fusiform, spherical, and pyramidal
cells. (a) The normalized intensity of the transmitted and the received signals in the time domain;
(b) Absolute value of the transmitted and the received signal in the Fourier domain; (c) Channel
impulse response; (d) Power delay profile.
B. Time and frequency analysis
We compare the delay and channel impulse response from three neuron geometries. The
simulation of the light path was for one dimension of 18 neurons that are linearly positioned
along the wave propagation direction. In all cases, the receiver is located at a distance of 450
µm from the transmitter.
Fig. 7 shows both the time and frequency domain analysis. In our simulation, one femtosecond
Gaussian light pulse is transmitted from a source which is located at 5 µm from the first cell
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on the path. The signal is analyzed at the receiver. The peak frequency of the transmitted signal
is approximately 500 THz. From the ray tracing analysis, the delay can be characterized by
integrating all the incident rays at 450 µm distance from the transmitter.
Fig. 7 shows the channel impulse of the one-dimensional neuron cell and is obtained by FFT
and IFFT as explained in Sec. IV. As shown in Fig. 7, the channel impulse response exhibits
correlation with the power delay profile in term of its peak magnitude of the received signal in
time domain. The light propagating through the fusiform cells experiences higher delay compared
to the other two cell types since the the light propagates mostly though the one dimensional
array of neural tissue. In general, the speed of light in the interstitial tissue is faster than in the
neuron because of the smaller refractive index. On the other hand, the light is absorbed less by
the neuron due to its lower absorption coefficient, resulting in lower magnitude attenuation of
the signal. The segmented time delays found in the pyramidal cells is caused by the ray leakages
that occurs intermittently along the tissue. This phenomenon does not occur in two other type
of cells since most of the ray propagation in two other cells are maintained along the straight
path, even though there will be divergences and leakages.
Fig. 8 depicts the channel impulse response for the three cell shapes with respect to the number
of cells along the propagation path. It is obvious that the number of cells has a significant effect
on the time of arrival of the signal, since the refractive index of the cell is higher resulting
in slower light propagation velocity. The magnitude of the signal is dictated by the attenuation
medium properties for all cell types and focusing parameter for both fusiform and spherical cells,
which is determined in (16). The difference between the three cells is solely due to geometry
which affects the distance of the focus point foc(θF , xF ), focusing parameter γ, and the ratio of
total light propagation distance in the cell da and the interstitial tissue de. The impulse response
for the pyramidal cells increases gradually as the number of cell goes higher due to less traveled
distance before the light is diverged leading to no focusing effect.
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Fig. 8: Channel impulse response h(t) for three shapes of cells with variable number of cells
along the propagation path.
C. Power characteristics on the receiver
On the receiver, the total received signal is the result of the superposition of the light rays
that arrive at the receiver surface. Fig. 9 shows the peak transmitted and received pulse shapes
of different cell types as the result of superposition. Furthermore, the received signal power
difference for those cells is mainly caused by the propagation distance ratio of brain tissue for
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Fig. 9: The highest magnitude pulse shapes of the transmitted signal (gaussian short pulse) and
the received signals after 450 µm propagation through one dimensional array of cells.
each path and neuron and the geometrical gain for each cell shape.
The previous results have shown that there are different propagation paths depending on the
cell type, and this has an impact on how the detector on the receiver is designed. All the cells
along the one-dimensional neural tissue contributes to the delay and attenuation of the light
signal. Consequently, the geometry and the amount of the traversed cell also has an impact
(a) Fusiform. (b) Pyramidal.
Fig. 10: Normalized power of light ray when it arrives at a certain coordinate on a detector and
the transmission delay.
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on the received power characteristics. Fig. 10 shows the received power characteristics on the
detector of the receiver for both the fusiform and pyramidal cells. In the case of the fusiform
cell’s receiver detector, the width is 40 µm, while in the case of the pyramidal it is 30 µm. In
the case of the fusiform cells (Fig. 10 (a)), the power concentration is located in the middle
of the detector and this is in-line to the propagation direction where the cells are aligned. This
is directly linked to the focusing phenomenon that occurs in both fusiform and spherical cells.
In order to detect all the transmitted rays, the detector height should be equal to the height of
the cell, hc, which is 30 µm used in our simulation. On the other hand, different characteristics
is observed for the pyramidal cells where gradual power change occurs in stages and it is also
segmented (Fig. 10 (b)). While the height configuration of the detector used is 30 µm, this
parameter is dependent on the cell configuration (the number of traversed cells). The segmented
phenomenon occurs due to leaking rays effect discussed in the earlier section. Unlike the fusiform
and spherical cells, which causes power concentration at the centre of the detector, in case of
pyramidal cells, the light rays that traverses through more cells experiences less attenuation as
well as deviations from the original propagation line. Therefore, for both fusiform as well as
spherical, the detector should be positioned at the center of the propagation line. In the case of
the pyramidal cells, there are two ways for positioning the detector. As illustrated in Fig. 5, there
are both horizontal and vertical orientations. The horizontal orientation provides better benefit
since the propagation distance can be minimized, but the detected intensity is higher than in the
vertical orientation.
VI. CONCLUSION
While light has been investigated for neural stimulation through the concept of optogenetics,
this paper addresses the light propagation from a micron-scale light source that can be used for
communication between the WiOptND devices. The analysis presented in this paper discussed
the important factors the affect the light propagation through neurons and interstitial brain tissue
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are the medium optical properties (µa and µs), as well as geometric structures of the cells. The
cells investigated in this paper are fusiform, spherical, and pyramidal. An interesting effect is
the distance and the number of the cells along the propagation axis, which affects the path loss
as well as the geometrical gain.
The channel impulse response of light propagating along the neurons have an interesting
behaviour. In the time domain, the delay of the simulated system can be observed when the
light pulse is sufficiently short (femto second) since the delay is in pico second level. This
means that for longer pulses, the delay is insignificant.
The time delays for the fusiform, spherical, and pyramidal are approximately 3.4, 2.5 and 2.7
ps, respectively. Additionally, radial-based geometries (fusiform and spherical) exhibit alternating
high and low amplitude, while pyramidal tends to exhibit increasing amplitude signal level as
the distance increases due to the path traversing through neurons more than the interstitial tissue.
However, all shapes experience increasing delay as the distance increases. In terms of the Fourier
domain, the propagated signal does not experience any change in its frequency range. Both the
time and frequency analysis exhibit 35%, 20%, and 65% attenuation in the signal power for
the fusiform, spherical, and pyramidal cells, respectively. Moreover, the shape of the received
signal is governed mainly by the geometrical shape of the cell where the diffraction causes the
change in light directions for the pyramidal cell. The radial-based-geometry cell exhibited radial
pattern in the power gradient at the receiver. In the case of the pyramidal cells, the position
of the receiver is very important to obtain maximum light intensity for accurate detection. Our
analysis found that the intensity of light intensity at the detector greatly varies across the area
of the detector.
Analysis in this paper has shown that light propagation as a mode for communication between
WiOptND implantable devices in the brain is a viable solution. The impulse response shows how
the light propagation behaviour varies with the number of cells, and how this can impact on the
area design of the detector.
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APPENDIX A
RAY TRACING ALGORITHM FOR FUSIFORM CELL
This algorithm processes the optical properties of the medium (nc, nt), physical properties of
the cell (rc, dc), and coordinates/direction of the incoming ray (x2, h2, θi). It generates the focus
angle/coordinates (foc(θF , xF )) and propagation direction/coordinates inside the cell (li(x′3, h3),
lo(x4, h4), θ
(2)
i ). For a series of cells, the iterative execution of this algorithm is required.
Algorithm 1 Ray tracing for fusiform cell
Require:
nc, nt (refractive indices of cell and tissue
rc (the radius of the cell)
x2 (the x ray coordinate of the previous cell)
h2 (the radius of incoming illumination)
dc (the distance between cells)
θi (the angle of the incoming ray)
Ensure:
foc(θF , xF ) (the distance and angle of focus point
li(x
′
3, h3) (the coordinate of the incoming ray)
lo(x4, h4) (the coordinate of the outgoing ray)
θ
(2)
i (the ray propagation angle in the cell)
1: CALCULATE(x′2) . x
′
2 = x2 measured from the 1
st surface,
x′2 = (dc + 2rc)− x2
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2: CALCULATE(x3, h3) . x3, h3 = the coordinate where the ray hits the 1st surface,
m2 = tan(180
o − θi)
h3 =

m22 + 1
2m2(h2 +m2x
′
2)
(h2 +m2x
′
2)
2 − r2c

T 
x23
x3
1

3: CALCULATE(θ(1)i ) . the incoming angle with respect to normal line of the 1
nd surface
θ
′(1)
i = arctan
( h3
|x3|
)
− θ(1)i
4: CALCULATE(θ(1)o ) . the refracted angle due to 1st surface
θ(1)o = arcsin
(ntsin(θ′(1)i )
nc
)
5: CALCULATE(x3, θ
(1)
o ) . with respect to 2nd surface
x′3 = 2rc − (dc + |x3|)
θ
(2)
i = θ
(1)
i + (θ
′(
i 1) + θ
(1)
o )
6: CALCULATE(x4, h4) . the coordinate where the ray hits the 2nd surface
m3 = tan(−θ(2)i )
h4 =

m23 + 1
2m3(h3 +m3x
′
3)
(h3 +m3x
′
3)
2 − r2c

T 
x24
x4
1

7: CALCULATE(θ(2)o ) . the refracted angle due to 2nd surface
θ(2)o = arcsin
(
nc
nt
sin
(
arctan
(h4
x4
)
+ θ
(2)
i
))
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8: CALCULATE(xF ) . the focus distance
θF = θ
(2)
o − arctan
(h4
x4
)
m4 = tan(θF )
xF =
m4x4 − h4
m4
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